Leukemia inhibitory factor (LIF) has many biological actions which parallel those of IL-1, IL-6 and tumor necrosis factor-a, but its role in the pathogenesis of human disease is unknown. A specific radioreceptor competition assay capable of detecting LIF at concentrations above 1 ng/ml (45 pM) was developed. To identify disease states in which LIF might be involved, a cross-sectional survey of serum and body fluids from -1,500 subjects with a variety of diseases was performed using the LIF radioreceptor competition assay. Serum LIF concentrations were transiently elevated (2-200 ng/ml) in six subjects with meningococcal or Gram-negative septic shock, and in a subject with idiopathic fulminant hepatic failure. Moderately elevated LIF concentrations (> 10 ng/ml) were detected in cerebrospinal fluid from subjects with bacterial meningitis, in effusions associated with pneumonia and peritonitis, and in amniotic fluid from a woman with chorioamnionitis. Low LIF concentrations ( 1-10 ng/ml) were present in synovial fluid from subjects with inflammatory arthritis, amniotic fluid from women in labor, and some reactive, chronic inflammatory and malignant effusions and cyst fluids, but rarely in transudates. These initial findings suggest that LIF might be involved in the pathogenesis of inflammation and septic shock. (J. Clin. Invest. 1992. 90:2031-2037
Introduction
Elevated concentrations of several cytokines have recently been shown to be present in human body fluids in association with various diseases. The most prominent of these are IL-1 a, IL-6, and tumor necrosis factor-a (TNF-a) .' These have been shown to be present at very low concentrations in serum from healthy people, and have been primarily implicated in mediating inflammatory reactions and septic shock (1) (2) (3) . Many of the biological actions of these cytokines parallel those of a recently described growth factor, leukemia inhibitory factor (LIF), which was characterized by its ability to induce differentiation of the murine myeloid leukemic cell line, Ml (4, 5) .
In common with IL-la ( 1 ), TNF-a (2), and IL-6 (3, 6), LIF stimulated acute phase protein synthesis by hepatocytes (7) and induced bone resorption (8) . In addition, both IL-6 (3) and LIF induced neuronal (9) and myeloid leukemic cell differentiation (5) , and have been implicated in early embryogenesis (10) and the regulation of megakaryocytopoiesis (11, 12) . Like IL-l a and TNF-a (2), LIF inhibited the activity of lipoprotein lipase in cells ofthe 3T3-LI preadipocyte line ( 13) , and LIF has been implicated in the induction ofcachexia (14) .
Molecular clones encoding the murine and human LIF receptors (LIFR) have been isolated (15), and a specific low affinity form identified. High affinity LIFR have been demonstrated to be present on several cell types including monocytesmacrophages, hepatocytes, osteoblasts, placental trophoblasts, and others (16) (17) (18) (19) . Conversion of low affinity to high affinity LIF receptor status appears to be conferred by a beta subunit (gpl 30), which is also the signal transducer for the IL-6 receptor and is the low affinity Oncostatin M (OSM) receptor (20) .
Transcription ofthe LIF gene was detected, with the exception of the uterus during pregnancy, at low levels in normal adult tissues (21 ) . However, LIF or its transcripts have been detected in vitro in many cell types, including fibroblasts, activated T lymphocytes, monocytes-macrophages, bone marrow stromal cells, osteoblasts, and astrocytes ( 17) , endothelial cells (22) , and in several human tumor cell lines ( 1 3, 23) . Depending on the cell type, LIF production or transcription occurred spontaneously in vitro and could be induced or enhanced by various stimuli, including LPS, IL-la and fl, TNF-a, transforming growth factor-3 (TGF-f,), T cell mitogens, phorbol 1 2-myristate 13-acetate, and retinoic acid ( 17 ) . These findings suggest that LIF is an inducible cytokine capable of being produced by a wide variety of cells and tissues only when stimulated by appropriate stimuli, characteristics shared by other cytokines implicated in mediating inflammatory responses.
This article describes a specific radioreceptor competition assay (RRA) for the quantitation ofbiologically active LIF and the findings of a cross-sectional survey of serum and body fluids from -1,500 subjects. The LIF RRA had the same sensitivity as the Ml bioassay that was previously used to measure LIF, but which proved not to be specific because other regulators, such as IL-6 (24), granulocyte-colony stimulating factor (G-CSF) (25) , and OSM (26) ( 12.5 ug/ml) at 370C for 10 min, each followed by centrifugation at 3,000 g for 10 min. Samples cytotoxic to M I cells were dialyzed through NAP-5 tubes (Pharmacia AB, Uppsala, Sweden) with an equal volume of 1% FCS (Commonwealth Serum Laboratories, Melbourne, Australia) in DME and reassayed.
Cytokines. Native human LIF was produced from the human bladder carcinoma cell line 5637 conditioned medium (5637-nhLIF), as described (27) . Recombinant Escherichia coli murine (rmLIF) and human LIF (rhLIF) (mol wt 22,000) and glycosylated baculovirus human LIF (BvhLIF) were kindly provided by AMRAD Corp., Melbourne, Australia. Glycosylated human LIF produced by chinese hamster ovary (CHO) cells transfected with a high expression vector for human LIF (CHO-LIF) was kindly provided by Merck & Co., Inc., Rahway, NJ. The above forms of LIF had specific activities of I0O U/mg of protein. Iodinated LIF ('23I-rmLIF), which had a specific radioactivity of 450,000 cpm/pmol (0.22 X 10-6 Ci/pmol) was produced by the iodine monochloride method and separated from free 1251I by chromatography using a 250-ul column ofCM-Sepharose (Pharmacia AB), as described ( 19) .
The following Escherichia coli recombinant human cytokines were used to test the specificity of the LIF RRA: G-CSF (Amgen Biologicals, Thousand Oaks, CA), granulocyte-macrophage-CSF (GM-CSF) (Sandoz AG, Basel, Switzerland), macrophage-CSF (M-CSF) (Cetus Corp., Emeryville, CA), IL-la (Hoffmann-La Roche, Nutley, NJ), IL-lI (Glaxo, Geneva, Switzerland), IL-2 (Cetus), IL-3 (Cetus), (Sandoz), TNF-a and TNF-# (Boehringer Ingelheim, Germany), TGF-,3 (Ciba-Geigy AG, Basel, Switzerland) and Steel factor (rhSCF) (Amgen) (28) . Recombinant (45 nM) in RHF served as a "total blocking" positive control and RHF alone was used as a "no blocking" negative control (Bo). A 20-ul volume of 3T3-LI cell suspension, containing 0.2 x 106 cells in RHF, was then added to all wells. The plates were incubated overnight on ice, then 10 1 ofRHF containing 20,000 cpm of'25I-rmLIF( 330 pM, after correction for 80% bindability) ( 19) was added to each well. The plates were then incubated on ice for I h, centrifuged at 3,000 g for 5 min at 4VC, and the cells were washed three times in phosphate buffered saline. The plates were then exposed to phosphor screens for -24 h, and were then read on a 400A Phosphorimager (Molecular Dynamics, Sunnyvale, CA) and the counts integrated using the ImageQuant version 3.0 software program (Molecular Dynamics). The integrated data were converted to a fraction bound (B/BO) ratio and the amount of LIF present calculated by comparison with the standard curve.
Ml bioassay. When sample volumes permitted, Ml assays were performed on all samples that were positive for LIF by the RRA. The Ml assays were performed using in vitro semisolid agar cultures as described (5) . Briefly, 100-,ul volumes of sample or standard rmLIF (0.45 nM, in 5% FCS in isotonic saline) in serial twofold dilutions were added in duplicate to 35-mm petri dishes. Control cultures contained 100 Ml of 5% FCS in isotonic saline. Cultures of l-ml volumes ofDME containing 20% FCS in 0.3% agar (Difco laboratories, Detroit, MI) and 300 Ml cells were added to each dish and incubated at 370C in a fully humidified atmosphere of 10% CO2 in air for 7 d and then scored. 50 U was defined as the amount ofactivity which resulted in 50% ofthe colonies being differentiated.
Statistical analysis. Correlations between titers obtained with LIF RRA and M I assays were analyzed using Pearson's correlation coefficient (30) .
Results
Determination ofRRA specificity and sensitivity. The radioreceptor assay showed no inhibition of '25I-rmLIF binding to Native human LIF (5637-nhLIF), E. coli-denved rmLIF and rhLIF and glycosylated BvhLIF and CHO-LIF were detected with an equal sensitivity of 1 ng/ml (45 pM) (Fig. 1 B) , equivalent to the sensitivity ofthe M l assay (data not shown). The same sensitivity was obtained with rmLIF previously added to RHF, human serum or plasma and was not affected by heat treatment at 560C for 30 min when measured by the RRA (Fig. 1 C) and M l assay (data not shown). Similar results were obtained with LIF added to synovial fluid then treated with hyaluronidase/DNAase (data not shown). LIF added to human serum then titrated in serum showed no loss of inhibition compared to samples titrated in RHF, indicating that there was no detectable inhibitory activity (data not shown). These data show that the RRA was capable of specifically detecting biologically active endogenous human LIF.
Assay results. Samples from 1,510 subjects were screened and quantitated by the LIF RRA (Table I ). There was an overall concordance (r = 0.663) between the LIF concentrations measured by RRA and Ml assays (Fig. 2) , although the titers were generally higher in the M l assay.
Serum and plasma. Plasma or serum samples were collected nonrandomly from 494 subjects (Table II) Both subjects with fatal Escherichia coli septic shock had recently developed pancytopenia after chemotherapy for relapsed Ewing's sarcoma and acute lymphoblastic leukemia, respectively. The first subject had markedly elevated serum LIF concentrations (205 ng/ml) 10 h after onset of sepsis and died 8 h later. The other subject had high serum LIF concentrations (> 40 ng/ml) at presentation and developed severe hemolysis, coagulopathy, ascites (the peritoneal fluid LIF concentration was > 40 ng/ml), and renal and hepatic failure. Both subjects were clinically in remission at the onset of sepsis. One of the Subject A had fatal Escherichia coli septicemia. The fall in LIF concentration may reflect hemodilution due to resuscitation with intravenous fluids.t Time of death. Subjects B and C both had meningococcal septicemia. The fall in LIF levels in subject B was probably due to hemodilution and the effect of plasmafiltration. subjects with meningococcal septic shock also had high serum LIF concentrations (> 50 ng/ml) at presentation and developed pleural effusions, ascites, disseminated intravascular coagulation, hypercalcemia, and acute renal failure, during which high urinary LIF concentrations (> 40 ng/ml) were detected. The other three cases of meningococcemia had low serum LIF concentrations (2-8 ng/ml) and relatively uncomplicated courses. All four subjects with meningococcemia had been previously well.
LIF was not detected in the concurrently collected plasma and/or serum samples obtained from 45 of 112 subjects, to be described below, with LIF-containing body cavity fluids.
Urine. Urine samples were obtained at random from 175 subjects with suspected urinary tract infection or malignancy, and from subjects with renal failure or metabolic and other disorders, and from 30 pregnant women. Urinary LIF was detected in eight subjects (Fig. 4) , including three with urinary tract infection, one with idiopathic macroscopic hematuria, a child with Gitleman's syndrome (Mg, Ca, and K-losing nephropathy), a neonate with diabetes mellitus and sepsis, a subject with acute renal failure, and the child with meningococcemia, as discussed above.
Cerebrospinalfluids. Cerebrospinal fluid samples were collected consecutively from 451 subjects who had undergone spinal puncture for investigation of suspected meningitis ( 106 cases), cerebrospinal leukemic infiltration (77 cases), and neurological and other miscellaneous, unknown, or undiagnosed disorders (Fig. 4) . Three samples were also obtained from subdural effusions. There were 12 cases of proven meningitis caused by Haemophilus influenzae type b (seven cases), Streptococcus pneumoniae (two cases), Escherichia coli (one case), Neisseria meningitidis (one case), and Coxsackie virus (one case). Six of the patients with bacterial meningitis had detectable cerebrospinal fluid LIF concentrations at the time of presentation. Another patient had an LIF-containing postmeningitis subdural effusion.
Three of the septicemic subjects with elevated serum LIF concentrations had concurrently collected cerebrospinal fluid. None had meningitis and LIF was not detected in their cerebrospinal fluid, indicating that LIF does not cross the intact bloodbrain barrier and confirming previous results in mice (32) . (4) Pneumonia (3) Gram-negative septicemia (2) Bacterial endocarditis (2) Others (21 ) Chronic inflammatory diseases Rheumatoid arthritis (28) Tuberculosis (2) Others ( I Ii h t Two subjects had detectable cerebrospinal fluid LIF concentrations in bloodstained fluids, after a traumatic frontal contusion and an intraventricular rupture of a hypertensive thalamic hemorrhage. There were six subjects with gliomas, two of whom had malignant astrocytomas and elevated cerebrospinal fluid LIF concentrations. Fluid from a cystic cerebral ependymoma also contained LIF.
Coelomic cavity effusions. Fluid was collected consecutively from 110 subjects with effusions due to a variety of causes, and peritoneal dialysis fluid was obtained from subjects receiving ambulatory dialysis for renal failure (Fig. 5) . Low LIF concentrations (arbitrarily designated as 1-10 ng/ml) were occasionally present in effusions due to cardiac failure or alcoholic ascites, and were commonly found in chronic inflammatory or reactive processes, and in malignant effusions. Moderately elevated LIF concentrations (> 10 ng/ml) were present in effusions associated with acute inflammatory conditions such as pneumonia, pneumococcal pericarditis (one case, containing 14 ng/ml), a hydrocele associated with epididymoorchitis (one case, containing 11.2 ng/ml), and in rheumatoid pleural effusions associated with active polyserositis. High LIF concentrations were also present in heavily bloodstained peritoneal fluid from a case with fatal mesenteric infarction (64 ng/ml).
Amnioticfluid. Amniotic fluid was obtained consecutively from 126 subjects (109 with normal pregnancies) by amniocentesis performed between 14 and 19 wks gestation and none contained detectable LIF. Liquor was collected transvaginally from 35 women in labor at 30-42 wks gestation, of which 16 samples contained less than 5 ng/ml of LIF (Fig. 6 ). One case with proven chorioamnionitis associated with premature rupture ofmembranes had moderately elevated amniotic LIF concentrations (20 ng/ml).
Cyst fluids. Fluid samples were obtained consecutively from 60 cysts, including 53 ovarian cysts, 5 tubal cysts, and 2 breast cysts, by percutaneous, transvaginal, or perioperative aspiration, or from resected surgical specimens. Sixteen of the ovarian cyst fluids had low LIF concentrations (Fig. 6 ) that were not confined to particular cyst types. Very high LIF concentrations were present in fluid from a "pseudocyst" asso- ciated with extensive pelvic inflammatory disease (176 ng/ ml). Two benign breast cyst fluids had detectable LIF concentrations (5.4 and 21.6 ng/ml). Synovialfluid. Synovial fluid samples were collected from 19 subjects with knee joint effusions due to rheumatoid arthritis (seven cases), psoriatic arthritis (four cases), gout (two cases), juvenile chronic arthritis (two cases), multicentric reticulohistiocytosis (two cases), and unspecified inflammatory arthritis (two cases). Low LIF concentrations were detected (1.5-6 ng/mI) in synovial fluids from three subjects, one with rheumatoid arthritis, another with psoriatic arthritis, and a child with juvenile chronic arthritis.
Discussion
The advantages of the LIF RRA over the Ml bioassay and LIF radioimmunoassay are, respectively, its specificity and ability to detect biologically active LIF. The level of sensitivity of the RRA however is less than that ofradioimmunoassays available for many cytokines and it is possible that low but abnormally elevated levels of LIF may well be detectable by such methods in a number of disease states that were negative in this study.
In general, there was fairly close concordance between the LIF RRA and Ml assay results, which would be expected because both require LIF binding to the same cell-surface LIFR. The higher values generally obtained with the Ml assay may be due to the repeated selection in our laboratory of Ml cell subclones with greater sensitivity to LIF. Some of the samples, however, had unexpectedly high titers with the Ml assay, compared to the LIF RRA (Fig. 2) Biologically active LIF was detected in the urine at high concentration in a child with meningococcemia, suggesting that renal clearance of circulating LIF is the major route of excretion. However, iodinated inactive LIF breakdown products were present in the urine of mice injected with 125I-rmLIF (32) . The demonstration of low concentrations of LIF in the urine of subjects with renal and metabolic disorders suggests that the normal mechanism of LIF metabolism, or excretion, was somehow altered in these subjects. Urinary LIF was also found in three subjects with urinary infections, raising the possibility of local LIF production by inflammatory cells within the urinary tract. LIF has recently also been detected in the urine of patients with acute renal transplant rejection (39) .
The detection of elevated concentrations of LIF in acute inflammatory exudates is similar to that ofother proinflammatory cytokines. Several cytokines including IL-l ( 1 ), G-CSF (40), IL-6 (41), and TNF-a (42), have been reported in cerebrospinal fluid in patients with bacterial meningitis. IL-1 (43) , TNF (44) , and IL-6 (45) have been found in elevated concentrations in amniotic fluid from women with intraamniotic infection, and IL-lIa, IL-6, IL-8, TNF-a, TGF-f3, M-CSF, and GM-CSF are commonly found in synovial fluid in patients with rheumatoid arthritis (46) . The most likely cellular sources of LIF in these fluids include fluid inflammatory cells, especially macrophages, or the lining inflammatory cells and fibroblasts, all known to be capable of producing LIF in vitro. In malignant effusions the tumor cells may secrete LIF, but the concentrations detected are also consistent with LIF being produced by the accompanying reactive cells.
The biological role of LIF in these predominantly inflammatory body fluids is not readily explained by its currently known actions, and it is unknown whether LIF contributes to, or is a response to, local tissue damage. LIF was occasionally detected in high concentration in bloodstained fluids following trauma or infarction, suggesting that LIF may be released in response to tissue damage. LIF, like IL-1, IL-6, and TNF-a may be responsible for some of the systemic effects such as acute phase response, fever, thrombocytosis, and elevated erythrocyte sedimentation rate seen in diseases such as rheumatoid arthritis. Serum concentrations capable of inducing these responses would have to be relatively low or transiently elevated, because LIF was not detected in the serum of subjects with diseases commonly associated with these systemic manifestations. Likewise, LIF was not detected in the serum of subjects with malignancy, hypercalcemia, myelofibrosis, thrombocytosis, and other disorders that might be expected to be associated with LIF, on the basis of its known pathological effects in mice ( 12, 14, 47, 48) .
We have shown that high circulating LIF concentrations were present in six subjects with septic shock and that the degree of elevation appeared to be related to the severity of disease. The hemodynamic and metabolic effects of these high LIF concentrations and their possible role in the pathogenesis of septic shock are unknown. In inflammatory foci, LIF appears to be primarily a locally acting molecule, with the circulating concentrations being maintained at low levels, presumably to prevent unwanted systemic effects. Prospective studies aimed at testing the significance of some of these associations are being performed.
